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Control of magnetic properties of MnBi2Te4 using a van der Waals ferroelectric
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Using the first-principles calculations, we systematically investigated magnetic properties of a MnBi2Te4

(MBT) monolayer in contact with III2-VI3 two-dimensional ferroelectric substrates. As the electric polarization
in the ferroelectric films is switched, a semiconductor to half-metal transition occurs in MBT, and its magnetic
easy axis in several cases reorients. As an example, the Curie temperature of MBT/In2Se3 can be enhanced to
21.5 or 32 K under the influence of electric polarization and biaxial strain, much higher than that of the pristine
MBT monolayer, which is 14.5 K in our calculations. Our results suggest effective ways to tune magnetic
properties of MBT and provide useful insights for the further development of these important van der Waals
functional materials.
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I. INTRODUCTION

van der Waals (vdW)–type two-dimensional (2D) materials
have attracted tremendous research interest as they have high
flexibility, excellent integrability, and peculiar quantum prop-
erties. Over the past decades, diverse 2D materials have been
proposed and synthesized and most of them are promising
for the next generation electronic and spintronic applications.
Physical properties of typical thin films strongly alter as the
thickness is reduced to the monolayer limit. Some common
features of their bulk counterparts, such as the long-range
ferromagnetic (FM) order and ferroelectric (FE) polarization,
may disappear in 2D materials. For example, the long-range
magnetic order is precluded in 2D systems at finite tempera-
ture according to the Mermin-Wagner theorem [1] based on
the isotropic Heisenberg model. Ferromagnetism recently ob-
served in ultrathin CrI3 [2], CrGeTe3 [3], Fe3GeTe2 [4], VSe2

[5], and MnSex [6] was attributed to the role of out-of-plane
magnetic anisotropies that frustrate the thermal fluctuation.

One of the important recent findings in this realm is that the
antiferromagnetic (AFM) vdW layered material MnBi2Te4

(MBT) is an intrinsic 2D magnetic topological insulator [7,8].
Depending on the thickness, MBT films may exhibit alter-
nating FM or AFM interlayer orders, and manifest different
topological phenomena, such as the quantum anomalous Hall
effect, Weyl semimetal states, and axion insulator states.
The presence of multiple magnetic and topological prop-
erties in a single system has inspired extensive studies on
MBT, both theoretically [9–15] and experimentally [16–29].
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Nevertheless, it remains a challenge to find ways for en-
hancing the Curie temperature (TC) of MBT, and for tuning
its quantum properties in a large range with energy-efficient
approaches.

It has been recognized that vdW 2D films have a weak
electric screening effect and hence their physical properties
can be effectively tuned by an external electric field which is
usually generated by applying a vertical bias or through con-
tacting with a ferroelectric substrate. In particular, the switch
of electric polarization in the FE layer, P ↑→ P ↓ or vice
versa, changes the direction of electric field in the adjacent
vdW layer and hence alters its quantum properties. To enhance
the integrability and diversity of heterostructures, it is desired
to develop highly flexible ultrathin FE materials. However,
ferroelectricity is rather unusual for 2D materials down to
a few monolayers (MLs) in thickness, as the depolarizing
electrostatic field and uncompensated surface charge frustrate
spontaneous electric polarizations [30–34]. Despite numer-
ous theoretical predictions [35–41], only a few ferroelec-
tric 2D materials have been found experimentally, including
CuInP2S6 [42] with an out-of-plane electric polarization, and
SnTe [43] with an in-plane electric polarization. Interestingly,
Ding et al. recently predicted a series of vdW 2D ferroelectric
materials, such as In2Se3 and other III2-VI3 layered materials
[41]. Through the first-principles calculations, they found that
In2Se3 ML may sustain the ferroelectricity up to room tem-
perature with a reversible spontaneous electric polarization. It
is exciting that ultrathin In2Se3 layers have been successfully
synthesized in experiments, with robust ferroelectricity being
demonstrated [44–48]. Therefore, III2-VI3 layered materials
are ready to be used for the integration with other 2D vdW
materials. The lack of surface dangling bonds in both func-
tional and FE layers allows them to be stacked in different
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combinations of material types, sequences, and twisting an-
gles, providing immense possibilities to attain high tunability
and structure-property coupling in the FE 2D heterostructures.
For instance, various fascinating phenomena may emerge in
vdW FM/FE heterostructures, including magnetic easy axis
change in CrGeTe3/In2Se3 [49], FM to AFM transition in
FeI2/In2Se3 [50], and semiconductor to half-metal transition
in CrI3/Sc2CO2 [51].

In this work, we performed systematic first-principles cal-
culations for a variety of MBT/FE vdW heterostructures, with
different FE layers chosen from III2-VI3 combinations (III =
Al, Ga, In and VI = Se, Te). The MBT ML is a ferromagnet
with an out-of-plane easy axis and a Curie temperature of
14.5 K. The Curie temperature of MBT can be increased to
21.5 K in the MBT/In2Se3 heterostructure, due to the field-
induced enhancement of both exchange interaction and mag-
netic anisotropy. Some of these systems show a reorientation
of magnetic easy axis in responding to the switch of electric
polarization. Furthermore, we found that a semiconductor to
half-metal transition may occur when the electric polarization
changes direction, a phenomenon which is suitable for use
as nano switches. We also found that compressive external
biaxial strains may further enhance the TC of the MBT/In2Se3

heterostructure, e.g., to 32 K with a −5% strain. These find-
ings pave the way for the development of MBT/FE films in
spintronic and quantum devices.

II. METHODS

The density functional theory (DFT) calculations were
performed using the projector augmented wave (PAW) [52,53]
method as implemented in the Vienna ab initio simula-
tion package (VASP) [54,55]. The exchange-correlation ef-
fect among electrons was described within the framework of
generalized-gradient approximation (GGA), using the func-
tional proposed by Perdew, Burke, and Ernzerhof (PBE) [56].
For the plane-wave basis expansion, we used an energy cutoff
of 350 eV. We utilized a � centered 13 × 13 × 1 Monkhorst-
Pack k-point mesh for calculating properties of MBT and
MBT/FE heterostructures, and a denser 26 × 26 × 1 mesh for
calculating their magnetic anisotropy energies. The conver-
gence with respect to k-point sampling was carefully tested.
The vacuum space between adjacent slabs was set to be 15 Å,
which is enough to eliminate the spurious interactions. The
in-plane lattice constants and atomic coordinates were fully
relaxed using the conjugate gradient method with a criterion
that requires the magnitude of force acting on each atom to be
smaller than 0.01 eV/Å. The strong electron correlation effect
for the localized d orbitals of Mn was treated by an effective
on-site Hubbard term [57] of U = 4 eV. The vdW corrections
were invoked in all calculations, using the DFT-D3 method
[58,59].

III. RESULTS

A. Structure and magnetic properties of MBT ML

The bulk MBT crystalizes in a rhombohedral layered struc-
ture with the space group R3̄m, and each MBT ML consists

of a Te-Bi-Te-Mn-Te-Bi-Te septuple layers (SLs) as shown in
Fig. 1(a), where Mn atoms are arranged in a triangular lattice
in the central plane. The SLs stack along the perpendicular
direction with an ABC sequence. The magnetic moments of
Mn atoms in the same SL are parallel to each other and form
an in-plane FM order, while the magnetizations of neighbor-
ing SLs are opposite in direction, forming an interlayer AFM
order [8,13–15,60].

Here, we focus on properties of a free-standing MBT
SL. The unit cell used in our calculations is shown by the
red dashed quadrilateral in Fig. 1(a), which contains one
Mn atom, two Bi atoms, and four Te atoms. The optimized
in-plane lattice constants with and without vdW corrections
are 4.30 and 4.36 Å, respectively, consistent with previous
work [11]. Considering that vdW corrections play a critical
role in determining the interlayer space of MBT/FE het-
erostructures, we adopted the lattice constant of 4.30 Å in
all calculations. The calculated magnetic moment is 5μB per
unit cell, indicating that the Mn atom adopts a high spin
configuration (S = 5/2) in the ground state. In Fig. 1(b), we
present the band structure of the MBT SL with the inclusion
of spin orbit coupling (SOC). It can be clearly seen that
the MBT SL is a semiconductor with a narrow band gap
of 0.28 eV. The valence-band maximum (VBM) is mainly
contributed by Te atoms, while the conduction-band minimum
(CBM) is dominated by Bi orbitals. The Mn 3d orbitals
are far away from the Fermi level, with the majority spin
states and minority spin states being fully occupied or empty,
respectively.

The magnetic anisotropy energy (MAE) of the MBT SL
contains two parts: the shape anisotropy energy (SAE) re-
sulting from magnetic dipole-dipole interactions and the SOC
driven magnetocrystalline anisotropy (MCA) energy. In ul-
trathin films, these two parts are typically comparable [61].
Using the local magnetic moment of Mn and the lattice
constant, we found that SAE of the MBT SL is −0.14 meV
per unit cell, where the negative sign means that the SAE
term leads to the in-plane magnetization. The MCA term is
calculated using the torque method proposed by Wang et al.
[62,63]:

MCA = ESOC
x − ESOC

z =
∑

k

∑
i∈occ

〈ψi,k|∂HSOC

∂θ
|ψi,k〉|θ=45◦ ,

(1)

where |ψi,k〉 is the wave function of the ith state at the k
point, HSOC is the SOC Hamiltonian, and θ is the polar angle
of spin. The summation runs over all occupied states and all
k points in the entire Brillouin zone. The calculated MCA
value is 0.18 meV per unit cell, in good agreement with
previous report (0.18 meV) [11]. We also used the direct
total energy approach as MCA = ESOC

x − ESOC
z = 0.17 meV,

indicating that both torque and total-energy approaches work
well for the present system. As a result, the total MAE is only
0.04 meV/Mn, with an out-of-plane easy axis.

The torque method allows us to further decompose the
MCA into contributions from different atoms by writing
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FIG. 1. (a) Top and side views of the MBT ML. The unit cell is indicated by the red dashed quadrilateral. Olive, violet, and orange balls
represent Mn, Bi, and Te atoms, respectively. (b) Band structure of the MBT ML with SOC. States of Mn, Bi, inner Te, and outer Te atoms
are represented by olive, violet, orange, and red lines, respectively, and the linewidth scales with their weights. (c) Atom resolved MCA of the
MBT ML. The corresponding atom indices are labeled in (a), and the colors of the bars represent different atoms.

Eq. (1) as

MCA =
∑

k

∑
i∈occ

⎛
⎝∑

G

∑
α

∑
l,m,s

c∗α,l,m,s
i,k+G 〈χα,l,m,s|

⎞
⎠∂HSOC

∂θ

⎛
⎝∑

G

∑
α

∑
l,m,s

cα,l,m,s
i,k+G |χα,l,m,s〉

⎞
⎠

∣∣∣∣∣∣θ=45◦

=
∑

α

∑
k

∑
i∈occ

∑
l

∑
m,m′,s,s′

∑
G,G′

c∗α,l,m,s
i,k+G cα,l,m′,s′

i,k+G′ 〈χα,l,m,s|∂HSOC

∂θ
|χα,l,m′,s′ 〉|θ=45◦ =

∑
α

MCAα, (2)

where α denotes the atom index, G are all reciprocal-lattice
vectors up to |k + G| � kmax, l, m, and s are angular mo-
mentum, magnetic, and spin quantum numbers, respectively.
c is the projection coefficient of wave function on the basis
function χ . Here, we used the fact that HSOC is a local operator
and does not change the value of l , so only matrix elements
with the same α and l are nonzero. The MCA contribution
from the αth atom is then represented by MCAa, which can be
understood by the torque moments exerted on that atom, even
though these moments are not independent since in torque
formula all the moments are assumed to rotate at the same
time. Figure 1(c) shows the atom resolved MCA contributions
that are determined by Eq. (2) in the MBT SL. It is found
that Mn atom contributes ∼1/3 of the MCA, and its adjacent
two Te atoms contribute ∼2/3. This is different from CrI3

and CrGeTe3, for which the magnetic atoms have negligible
contributions to MCA.

To determine the exchange parameters Ji between Mn
atoms, we expanded the unit cell and mapped the DFT total
energies of four different magnetic configurations (Fig. S1 in
the Supplemental Material [64]) onto the following classical
Heisenberg Hamiltonian:

H = − J1

∑
〈i j〉

⇀

Si · ⇀

S j − J2

∑
〈〈i j〉〉

⇀

Si · ⇀

S j

− J3

∑
〈〈〈i j〉〉〉

⇀

Si · ⇀

S j, (3)

where J1, J2, and J3 represent the nearest-,
next-nearest-, and third-nearest-neighbor exchange
interactions, respectively. Obviously, positive values of Ji

(i = 1, 2, and 3) mean FM interaction, while negative ones
mean AFM interaction. Based on Eq. (3), the total energies
of the four spin configurations shown in Fig. S1 are given as
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FIG. 2. MC simulations of MBT ML. (a) The renormalized magnetization M(T )/M0 of the MBT ML as a function of temperature T . The
blue and red lines represent results with and without dipole-dipole interactions, respectively. Solid symbols indicate out-of-plane magnetization,
while unfilled symbols denote in-plane magnetization. (b) Specific heat of the MBT ML. The TR and TC are extracted from the maximum of
specific heat.

follows:

EFM = E0 − 24J1|
⇀

S|2 − 24J2|
⇀

S|2 − 24J3|
⇀

S|2,
E stripy

AFM = E0 + 8J1|
⇀

S|2 + 8J2|
⇀

S|2 − 24J3|
⇀

S|2, (4)

E zigzag1/zigzag2
AFM = E0 ∓ 8J1|

⇀

S|2 ± 8J2|
⇀

S|2 + 8J3|
⇀

S|2.
From the total energies, we found that J1 = 1.26 meV,

J2 = −0.12 meV, and J3 = 0.03 meV for the MBT SL, close
to what were found in previous studies [11]. The nearest-
neighbor exchange interaction (J1) is dominating for the estab-
lishment of the FM ground state. The next-nearest-neighbor
interaction (J2) prefers the AFM ordering, and the third-
nearest-neighbor interaction (J3) is FM again.

We then determined the TC of MBT SL by performing
Monte Carlo (MC) simulations based on a classical 2D
Heisenberg model, with both the on-site MCA and long-range
dipole-dipole interactions included. The model is described by
the following Hamiltonian:

H = − 1

2

∑
i, j

Ji j

⇀

Si · ⇀

S j − K
∑

i

(
Sz

i

)2

+ 1

2

μ0g2μ2
B

4π

∑
i, j

[ ⇀

Si · ⇀

S j

|⇀r i j |
3 − 3

(
⇀

Si · ⇀

r i j )(
⇀

S j · ⇀

r i j )

|⇀r i j |
5

]
, (5)

where the first term denotes the short-range exchange in-
teractions up to third nearest neighbors, the second term
is the on-site MCA energy which is 0.18 meV/Mn from
our calculations, and the last term refers to the long-range
dipole-dipole interactions which introduce an in-plane SAE
of −0.14 meV/Mn. Here, μ0 is the vacuum permeability, g is
the electron spin g factor, μB is the Bohr magneton, and ri j is
the vector connecting site i and j. Our MC simulations were
carried out on a 100 × 100 lattice with periodic boundary con-
ditions. The summation of the long-range dipolar interactions
runs over the whole lattice as well as all the periodic images
in the range of ri j < 104 a.u. We used 105 MC steps per site to
equilibrate the system, and 107 MC steps per site for statistical
averaging.

The simulated magnetization as a function of temperature
is shown in Fig. 2(a), in which the red and blue lines represent
results with and without dipolar interactions, respectively. In
the absence of dipolar interactions, the out-of-plane mag-
netization drops rapidly to zero at TC, while the in-plane
magnetization remains zero over the whole temperature range.
When the dipolar interactions are considered, an intriguing
temperature driven reorientation transition of the magnetiza-
tion was observed. At low temperature, the system exhibits an
out-of-plane FM phase. With increasing the temperature to a
critical value of TR, the out-of-plane magnetization suddenly
vanishes, accompanied by a sharp rise of in-plane magnetiza-
tion. As the temperature increases further, the in-plane mag-
netization decreases and eventually reaches a paramagnetic
phase above TC.

Such a temperature driven reorientation transition near TR

can be understood by the competition between the perpendic-
ular MCA and the in-plane SAE that resulted from long-range
dipolar interactions. It is worth mentioning that, for FM films,
although the dipolar interactions favor an in-plane SAE, it
differs significantly from an effective on-site in-plane MCA,
since the former does break the conditions of the Mermin-
Wagner theorem, and can sustain long-range magnetic order
in 2D systems [65]. In fact, a similar reorientation transi-
tion has also been observed experimentally in Fe/Cu(001)
films [66], and has been studied rather extensively in theory
[67–73].

The accurate values of TR and TC can be extracted from
the maximum of specific heat as shown in Fig. 2(b). In the
absence of dipolar interactions, the specific heat shows one
sharp peak, indicating a TC of 15.5 K. When the dipolar
interactions are considered, it exhibits two distinct peaks. The
former corresponds to the out-of-plane to in-plane transition
temperature TR = 10 K, while the latter is the Curie tempera-
ture TC = 14.5 K. Such a value is in excellent agreement with
a previous theoretical study of 12 K, although they adopted a
different value of Hubbard U , more numbers of neighbors,
and simply treated dipolar interactions as an effective in-
plane MCA [13]. Our calculated TC also matches well with
experimental measurements for weakly coupled MBT SLs in
(MBT)(Bi2Te3)m heterostructures (10–12 K) [7,28,29].
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FIG. 3. (a) The six possible alignments of MBT/In2Se3 heterostructures. Only the interfacial atoms from each side of the interface are
shown here. Sites 1, 2, and 3 are for the outmost Te atoms in MBT sitting at the top Se, top-In, and hollow sites of In2Se3, respectively, and
sites 4, 5, 6 are obtained by applying a 60◦ rotation from 1, 2, 3. (b) The adsorption energies of each configuration in (a). (c) The side views of
the most stable geometry with the electric dipole of In2Se3 pointing upward and downward (P ↑ and P ↓), respectively.

B. Semiconductor to half-metal transition and reorientation
of magnetic easy axis in MBT/FE heterostructures

We now investigate how to control the physical properties
of MBT ML using FE layers such as In2Se3. The In2Se3 ML
has two energetically degenerate ferroelectric ground states
in either the zinc-blende or the Wurtzite structure [41]. In
this study, we mainly focused on the zinc-blende one and
construct the MBT/In2Se3 heterostructure as shown in Fig. 3.
The optimized lattice constant of the In2Se3 ML with vdW
corrections is 4.10 Å, about 6.0% smaller than that of MBT
ML (4.30 Å). For the simplicity of calculations and discus-
sions, we stretched the lattice of the In2Se3 ML to match that
of MBT ML. This is reasonable as the polarization of In2Se3

changes very little under a biaxial strain [41]. We considered
six possible alignments between MBT and In2Se3 as shown
in Fig. 3(a), with the outmost Te atoms in MBT sitting at the
top-Se, top-In, and hollow sites of In2Se3 and three other sites.
Their corresponding adsorption energies are given in Fig. 3(b)
for both the up and down electric polarizations. Clearly, the
most stable structure is configuration 3 in Fig. 3(a) for both
P ↑ and P ↓, i.e., with Te atoms sitting over the hollow sites
of In2Se3 as illustrated in Fig. 3(c).

As shown in Fig. S2 of the Supplemental Material [64], the
freestanding MBT and In2Se3 MLs are both semiconductors,
with band gaps of 0.28 and 0.44 eV in our calculations,
respectively. When they are stacked in a heterostructure, an
electric field is built across the interface and penetrates into
MBT as well. This should dramatically modify the electronic
properties of MBT and offers a handle to control them. In
Fig. 4, we display the band structures of MBT/In2Se3 with
both up and down polarizations. The system retains the semi-
conductor nature for the up polarization, and the band gap

is slightly reduced to 0.25 eV. Interestingly, the Fermi level
crosses majority spin bands [red lines in Fig. 4(d)] of MBT
for the down polarization, leading to a half-metal behavior
in MBT and some conduction in In2Se3 as well. Hence, by
controlling the two FE In2Se3 states with opposite electric
polarization directions, the MBT/In2Se3 heterostructure can
be switched between semiconductor and half metal. Note
that such a switching behavior is robust, unchanged by using
different Hubbard U values or the HSE06 hybrid functional in
calculations [74] (Fig. S3 of the Supplemental Material [64]).
This phenomenon may therefore find important applications
such as nano switches and rectification junctions in spintronic
devices.

To understand the mechanism of such a polarization driven
semiconductor/half-metal transition, we calculated the band
alignments of MBT/In2Se3 by using the method sketched in
Fig. S4 [64]. In Fig. 5(b), the VBM and CBM are obtained
from free-standing MBT and In2Se3, therefore the CBM of
In2Se3 in MBT/In2Se3(↑) in Fig. 4(a) looks slightly higher
than that in Fig. 5(b) due to band hybridizations in the
heterostructure. Because of the inherent electric field, there
is a potential drop of 1.078 eV across the two sides of In2Se3

[Fig. 5(a)], leading to distinctly different band shifts in MBT
when contacting with opposite sides. When the polarization is
upward, the CBM of In2Se3 locates above the VBM of MBT.
Therefore, the electrons cannot transfer between MBT and
In2Se3, but are slightly redistributed in the interfacial region.
In contrast, for the downward polarization, the CBM of In2Se3

becomes lower than the VBM of MBT, leading to electron
transfers from MBT to In2Se3. This can also be seen from the
projected density of states (PDOS) in Fig. 5(c), in which the
relative shifts are depicted between MBT and In2Se3 bands.
As the polarization is switched to the downward direction, the
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FIG. 4. Band structures of MBT/In2Se3 with SOC. Panels (a) and (b) are decomposed on each component and on each spin channel for
up polarization, and (c) and (d) are for down polarization.

FIG. 5. (a) The planar-averaged electrostatic potential of the In2Se3 ML. The orange dots represent positions of atoms. (b) Band alignments
of MBT/In2Se3(↑) and MBT/In2Se3(↓) with respect to the vacuum level of MBT. (c) PDOS of MBT/In2Se3(↑) and MBT/In2Se3(↓). (d),(e)
Planar averaged and 2D charge density difference of MBT/In2Se3 heterostructure. The violet and orange dots represent positions of MBT and
In2Se3 atoms, respectively. The blue and red areas indicate loss and gain electrons, respectively.
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FIG. 6. (a) MCA change as a function of the shift of Fermi energy for MBT ML, MBT/In2Se3(↑), and MBT/In2Se3(↓). The blue dashed
line is shifted by −0.2 eV from the blue solid line. (b) Band resolved MCA for the MBT ML. The red and blue colors represent positive and
negative contributions, respectively. Here the band structure is calculated with the magnetization at θ = 45◦.

CBM of In2Se3 overlaps with the VBM of MBT. Furthermore,
the planar averaged plots of charge transfer are shown in
Figs. 5(d) and 5(e). Clearly, the charge transfer is restricted
in the interface region for the upward polarization but spreads
over all In2Se3 layers for the downward polarization.

The distinct change of electronic structures between up-
ward and downward electric polarizations in the MBT/In2Se3

heterostructure should also affect its magnetic properties, such
as the exchange interactions and MCA. Indeed, we find that
the downward polarization induces significant enhancements
for both J1 (to 1.84 meV) and MCA (to 0.26 meV), resulting in
an increase of TC to 21.5 K according to the MC simulations
with new parameters in Eq. (5). This primarily results from
the interfacial charge transfer rather than the small structural
change, since both J1 and MCA restore their values in the iso-
lated MBT MSL after we remove the In2Se3 substrate but keep
the atomic positions of MBT intact as in the heterostructure.

To further understand the modification of MCA, we present
in Fig. 6(a) the MCA changes as the Fermi energy (EF)
is shifted in a range of ±0.5 eV for the pristine MBT
ML, MBT/In2Se3(↑) and MBT/In2Se3(↓). Clearly, profiles
of their MCA(EF) curves are almost the same, except that
for MBT/In2Se3 (↓) for which the curve has an upward
shift of about 0.2 eV. The MCA of the MBT ML can be

significantly enhanced by either adding or removing electrons
according to this rigid-band analysis. As the charge transfer in
MBT/In2Se3(↑) is negligible, its MCA is not much changed
from that of the pristine MBT ML. Obviously, the inversion of
electric field and charge transfer in MBT/In2Se3 (↓) play the
key role for the enhancement of its MCA. The torque method
allows us to further decompose the MCA of MBT ML to each
band as shown in Fig. 6(b). Here, the colors of bands indicate
their torques as the magnetization is set at θ = 45◦ according
to Eq. (1) [the band structures are slightly different from those
in Fig. 1(b) because of the change of SOC contributions].
Clearly, the first band at −0.28 eV near the � point has a large
negative contribution to the MCA, as highlighted by the red
dashed circle. When the MBT ML loses electrons, this band
shifts to above the Fermi level and the removal of its negative
contribution results in an increase of positive MCA.

We further extended our studies to other III2-VI3 FE
substrates, including Al2Te3, Ga2Te3, and In2Te3 (their lat-
tice mismatches with MBT are −5.5%, −4.9%, and 0.5%,
respectively). The band structures of these heterostructures
are shown in Fig. S5 of the Supplemental Material [64].
MBT with Al2Te3, Ga2Te3 remains to be a semiconduc-
tor as we switch the polarization in the FE layer. In con-
trast, MBT/In2Te3(↑) shows even stronger response to the

FIG. 7. (a) The calculated MAE of MBT/FE heterostructures with up and down polarizations. (b) Band structure of MBT/In2Te3(↑) with
SOC.
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FIG. 8. (a) The exchange interaction J1 and (b) MAE as a function of the biaxial strain. Black, red, and blue lines represent MBT,
MBT/In2Se3(↑), and MBT/In2Se3(↓), respectively.

change of polarization than MBT/In2Se3 does. Not only
the semiconductor/half-metal transition occurs, the MAE can
also be effectively tuned as shown in Fig. 7(a). Note that
SAEs are already included in the MAE values in Fig. 7(a).
It can be clearly seen that the easy axis can be changed by
switching the electric polarization direction for most three
heterostructures. As the magnetic moment of Mn remains
the same in all these systems, the SAE does not change.
In contrast, MCA is sensitive to the interfacial hybridization
and charge redistribution. Specifically, the MBT/In2Te3(↑)
possesses a total MAE as large as 0.44 meV/Mn due to the
charge transfer from In2Te3 to MBT, as evidenced by the band
structure shown in Fig. 7(b). As shown in Fig. 6(b), the first
band at the � point above the Fermi level has a positive MCA.
It shifts down to below Fermi energy in MBT/In2Te3(↑) and
hence gives rise to an increase of positive MAE. As the lattice
mismatch is also the smallest among these heterostructures,
MBT/In2Te3 appears to be a practical candidate for realizing
efficient electric control of magnetic and transport properties
of 2D MBT/FE heterostructures.

It is known the MBT families exhibit many interesting
topological properties. A natural question to ask is whether
the MBT ML may become topologically nontrivial as it
in contact with FE substrates. We therefore calculated the
Chern number of the MBT ML and all semiconducting
MBT/FE heterostructure. The results are summarized in

Fig. S6 of the Supplemental Material [64]. Clearly, none
of these systems are topologically nontrivial. This is un-
derstandable because that the FE substrates don’t hybridize
strongly with the MBT to cause band inversions as shown in
Fig. S5 [64].

C. Effects of external biaxial strains
on MBT/FE heterostructures

Lattice strain is another effective means for the manipula-
tion of magnetic properties of MBT or MBT/FE heterostruc-
tures. In Figs. 8(a) and 8(b), we plot J1 and MAE of the
free-standing MBT ML and MBT/In2Se3 (for both upward
and downward polarizations) as a function of biaxial strains.
When we apply a compressive strain, the exchange parameter
J1 of the MBT ML increases monotonically and reaches its
maximum at about −4% strain. Such a behavior originates
from the fact that the Te-Mn-Te bond angle gradually ap-
proaches 90° as reported by Li et al. [11]. The MAE of the
MBT ML also slowly enhances with the compressive strain.
The presence of the In2Se3 substrate with an upward electric
polarization has negligible effect on both J1 and MAE in the
entire strain range. However, when the In2Se3 substrate has
a downward electric polarization the compressive strain may
significantly enhance J1 and MAE, to 2.25 and 1.48 meV at
−5%, respectively. As a result, the TC is increased to 32 K,

FIG. 9. (a) Band structure of MBT/In2Se3(↓) under −5% strain calculated with SOC. The violet and orange lines represent components
of MBT and In2Se3, respectively. (b) MCA of MBT/In2Se3(↓) as a function of the shift of Fermi energy with strains 0%, −3%, and −5%.
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which is twice as large as the value of the free-standing MBT
ML without strains.

Such a giant enhancement of MAE for MBT/In2Se3(↓)
under compressive strains can be understood in terms of
charge transfers. In Fig. 9(a), we plot the band structure of
MBT/In2Se3(↓) under a −5% strain. Compared to the one
without strain [Fig. 4(c)], the Fermi level is pushed down to a
much lower position below the VBM of MBT as highlighted
by the red dashed circles in Fig. 9(a), indicating that addi-
tional electron transfer from MBT to In2Se3 is produced by
the compressive strain. According to the rigid-band model
analysis depicted in Fig. 6(a), the MCA of MBT increases
as it loses electrons. To give more direct evidence, we show
curves of MCA versus the position of the Fermi energy
for MBT/In2Se3(↓) under 0%, −3% and −5% strains in
Fig. 9(b). It shows that the compressive strains gradually shift
the curve to the right side, resulting in a steady increase of
MCA.

IV. SUMMARY

In summary, we systematically investigated the possibility
of tuning magnetic properties of the MBT ML by using the

proximity effect with 2D FE III2-VI3 (III = Al, Ga, In, and VI
= Se, Te) substrates and by applying biaxial strains as well.
For the MBT/In2Se3 heterostructure, a transition between
semiconductor and half metal can be induced when the elec-
tric polarization is switched from up to down, accompanied
by an enhanced exchange interactions and MCA. As a result,
the TC can be raised from 14.5 K for the pristine MBT ML
to 21.5 K for MBT/In2Se3. The enhancement of MCA is
attributed to the charge transfers induced by the interfacial
electric field. We further predicted a polarization induced
change of the magnetic easy axis in MBT as it is placed on the
Al2Te3, Ga2Te3, and In2Te3 substrates. Furthermore, TC of
MBT/In2Se3(↓) can be further enhanced to 32 K by applying
a −5% strain. These results provide an effective way to realize
nonvolatile control of spintronic devices based on 2D vdW
heterostructures.
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